Abstract: By mixing 1,2,4-triazolium salts (precursors of N-heterocyclic carbenes 1-6) with mercury acetate, a number of complexes have been obtained under electrospray ionization condition. Carbenes 1 and 2 contain one carbene center; therefore, they are able to bond only one mercury cation. Carbenes 3-5 contain two carbene centers; therefore, they can bond two mercury cations. Mercury complexes of 1-5 always contain an acetate anion attached to a mercury cation. Carbene 6 also contains two carbene centers; however, its structure allows formation of a complex containing mercury bonded simultaneously to both centers, therefore, the complex that does not contain an acetate anion. The MS/MS spectra taken for complexes of carbenes 1-5 have shown formation of a cation corresponding to N1 substituent (adamantyl or benzyl), and those of complexes of carbenes 3-5 (doubly charged ions) have also shown the respective complementary partner ions. Mercury complex of 2 has yielded some other interesting fragmentation pathways, e.g. a loss of the HHgOOCCH 3 molecule. The fragmentation pathway of the mercury complexes of 6 was found to be complicated.
Introduction
The chemistry of N-heterocyclic carbenes (NHCs) as well as their metal complexes has attracted much attention in the last years and has been summarized a few times in excellent review papers [1] [2] [3] [4] . NHCs can be classified into three groups: imidazol-2-ylidenes, 1,2,4-triazol-3-ylidenes and 1,3-thiazol-2-ylidenes (scheme 1). The most popular are imidazole-2-ylidenes and 1,3-thiazol-2-ylidenes are the least common. The greatest popularity of the former results from the fact that their transition metal complexes are highly effective catalysts of a vast number of organic reactions [1, [5] [6] [7] [8] . The complexes of 1,2,4-triazol-3-ylidenes are also of interest, although up to now from a theoretical rather than practical point of view, and they have been obtained with rhodium, iridium, palladium, ruthenium, nickel and mercury [9] [10] [11] [12] [13] .
Scheme 1 N-Heterocyclic carbenes.
In the field of mass spectrometry (MS), electrospray ionization (ESI) is the most popular method of ion generation used by organometallic and coordination chemists [14] . A number of detailed ESI MS studies devoted to the Fisher carbene-complexes have been already published [15] [16] [17] [18] . The activity of Grubbs type ruthenium-carbene catalysts in ring-opening metathesis polymerization has also been screened by the use of ESI [19] . On the other hand ESI MS (as well as other ionization methods) only occasionally have been used for molecular weight confirmation of N-heterocyclic carbene-metal complexes. To the best of our knowledge no detailed study has been published yet. In our previous paper we have published electrospray ionization and liquid secondary ion mass spectrometric studies of N-heterocyclic carbenes and their 1,2,4-triazolium salt precursors [20] . The goal of this work is to determine the fragmentation pathways of mercury-1,2,4-triazol-3-ylidene complexes, as studied by electrospray ionization tandem mass spectrometry, formed in situ from respective 1,2,4-triazolium salts (scheme 2) and mercury(II) acetate. The results should be of interest with respect to gas-phase chemistry of organometallic compounds. In order to obtain direct evidence that the complexes studied were really formed in solution (electrospray better reflects the chemistry of charged droplets), NMR experiments were also performed. In other words, the parent ions observed on the full scan mass spectra originate from solution, but their mass spectrometric decomposition is the process occurring exclusively in the gas-phase.
We decided to use acetate, since this very salt has been used in order to synthesize mercury-N-heterocyclic carbene complexes including the first metal complex of N-Scheme 2 Carbene precursors used. heterocyclic carbene [1, 2, 13, [21] [22] [23] . The carbene precursors used are 1,2,4-triazolium cations (perchlorates of these cations) shown in Scheme 2. These cations are assigned as protonated carbenes, e.g. if 1 corresponds to carbene, its precursor is assigned as 1+H + .
For clarity, the positive charge is set at the carbene center (scheme 2 and Figures 1-5 ), but we are aware that it is delocalized over the whole structure. (Figure 1b ) is shown from m/z 100. The fragment ion at m/z 180 is called N-phenylbenzonitrilium ion. Examples of formation of N-arylbenzonitrilium ions (including N-phenylbenzonitrilium ion) in the gas phase as well as their mass spectrometric decompositions have already been described [25, 26] . The fragment ion at m/z 207 is formed as a result of Ph-NC-HgOOCCH 3 neutral fragment loss and is direct evidence for existence of a mercury-carbene bond. This neutral fragment can be regarded as a complex between mercury(I) acetate and phenyl isocyanide. To the best of our knowledge mercury complexes of phenyl isocyanide have not been known. The complexes containing (among others species) mercury and phenyl isocyanide have been described, but there was no direct bond between them [27, 28] . The fragment ion at m/z 310 is formed as a result of HHgOOCCH 3 neutral fragment elimination and confirms the attachment of an acetate anion to mercury. Mercury hydrides are relatively numerous [29] [30] [31] , thus the loss of acetic acid and neutral Hg atom has to be rejected. Carbenes 3-5 contain two carbene centers therefore, they are able to bind two mercury cations. Figure 2 . Analogously, full scan and MS/MS mass spectra (loss of N1 substituent) were obtained for complexes of 3 and 4. Obviously, for the latter, the tropylium cation at m/z 91 was formed instead of the adamantyl cation. Although carbene 6 contains two carbene centers, it yields two complexes containing one mercury cation each. The first one (more abundant) does not contain an acetate anion, in contrast to complexes of 1-5 described above, thus it is the doubly charged ion ([6+Hg] +2 ) at m/z 357. It is reasonable that the structure of 6 imposes formation of a complex containing a mercury cation bonded by two carbene centers. This is not possible for 3-5. As shown in Figure 4 , the mass spectrometric fragmentation pathway of [6+Hg] +2 is complicated and involves formation of a number of fragment ions. For clarity, the scheme of the fragmentation is not inserted into the MS/MS spectrum of [6+Hg] +2 , because it would be too small and confusing, but it is presented under the spectrum (although it is still a little confusing). It is rather unusual that all fragment ions are at m/z 357, the ion at m/z 534 will also be observed (2 x 357 = 714, 714 -180 = 534). The latter ion was not detected. The possible reason for the lack of fragment ions at m/z higher than 357 is their immediate further decomposition to form some of the fragment ions of m/z lower than 357. It would be possible if they had sufficiently high excess of internal energy. However, the fragment ions above 357 were not observed even at lower collision energy applied to decompose [6+Hg] +2 , so this explanation was rejected. At lower collision energy the relative abundances of fragment ions are different but, unfortunately, no additional information can be obtained. In order to explain the fragmentation pathways of this ion, a more detailed study is required, most probably with the use of the Fourier transform ion cyclotron resonance mass spectrometry. Carbene 6, besides the above-described [6+Hg] +2 , also yielded a singly charged ion containing the acetate anion, namely [6+HgOOCCH 3 ] + at m/z 773. As shown in Figure 5 , its decomposition, mainly involves the loss of mass 60 which corresponds to the loss of neutral acetic acid molecules. The loss of acetic acid has not been observed for the other ions described above containing an acetate anion attached to the mercury cation. Therefore, it is reasonable to suppose that [6+HgOOCCH 3 ] + is the electrostatic adduct (structurally undefined) between [6+Hg] +2 and the acetate anion ( Figure 5 ).
Results and discussion
We must added that the excellent correlation between the types of complexes observed and the number as well as arrangement of carbene centers has confirmed that we are truly dealing with structurally defined mercury-carbene complexes. Formation of the species observed in the ESI mass spectra has been confirmed by the results of the NMR experiments. Directly after Hg(OAc) 2 addition to the carbene precursors' solution, 1 H NMR spectra signals corresponding to the complexes of LHgOAc types formation occur. Unfortunately, concentrations of these species in the reaction mixture are very low, therefore recording the 13 C NMR spectra of such complexes was impossible.
Additionally, they are unstable and convert spontaneously into L 2 Hg complexes, so they are present in the solution only until the total amount of precarbene has reacted. Also, in Table 1 . As expected, the greatest changes were observed at C-1 atoms, at which the chemical shift change was over 20 ppm. Other significant changes were observed especially for the carbons of substituents at the nitrogen atoms at α positions to the carbene atom. In compounds 3, 4 and 5, the spectra of complexes showed signal broadening. This broadening could be explained by formation of polymeric complexes (...LHgLHgL...) due to the presence of two carbene carbons in the ligand's molecule and the linker structure which precludes formation of a cyclic complex of 1:1 stoichiometry. Additionally, the complexes of these ligands were very slightly soluble, which confirms a polymeric structure. For carbene 6, because of its structure permits bonding of one mercury atom to both carbene centers and formation of cyclic complex, the line broadening as well as solubility decreases were not noted. Extremely large changes in the chemical shifts at both C-11 and C-12 atoms upon complexation observed for 6 also certify this structure (molecular folding causes interaction of C-11 and C-12 atoms with mercury; furthermore, coordination of oxygen atoms to Hg is possible). Table 1 13 C chemical shifts of carbene precursors studied and their complexes with mercury(II) cation. 
Experimental
The carbene precursors were prepared as described elsewhere [20] . The two-stage procedure consisting of the ring transformation of the appropriate 1,2,4-oxadiazole with amines and the subsequent quaternization of the triazole formed with adamantyl bromide or benzyl chloride as alkylating reagents were applied. Precursor 6 was obtained from 3,4-diphenyl-1,2,4-triazole and dichloroethyl ether upon heating in dimethyl formamide. Electrospray ionization (ESI) mass spectrometry of the carbene-mercury complexes was carried out on a Qstar mass spectrometer (hybrid QqTOF instrument, Applied Biosystems, Darmstadt, Germany). Mercury(II) acetate and the respective 1,2,4-triazolium salt (perchlorate of one of the cations shown in scheme 1) were dissolved in methanol and mixed for a few minutes by using an ultrasonic bath and then directly infused into the ESI source at the flow rate of 10 μl min −1 . It was found that in order to obtain the abundant ion corresponding to the carbene-mercury complex an excess of mercury acetate had to be used. Therefore, the carbene precursor concentration was about 10 −6 M and the mercury(II) acetate concentration was about 5x10 −6 M. For solutions containing the same components at similar concentrations the obtained mass spectra show abundant peaks corresponding to the 1,2,4-triazolium cations. The MS/MS experiments were performed with collision energies 20-40 eV to achieve reasonable abundances of both parent and daughter ions. The collision gas used was nitrogen of >99.5 % purity. A pressure in the collision cell was about 3.3×10 −5 Torr. The MS/MS experiments were performed in the low-resolution mode; therefore, the selected precursor ion beam contained some isotopes, one and two units higher than the mass of the ion selected for MS/MS. The elemental compositions of all ions discussed have been confirmed by the obtained exact masses. 13 C NMR measurements were carried out on a Varian Gemini 300 spectrometer operating at the frequency 75.456 MHz. The compounds were dissolved in anhydrous [H 2 ] 3 -acetonitrile. The acquisition parameters were as follows: spectral width 25000 Hz; acquisition time 2 s; pulse width 60 o . All spectra were recorder at 293 K and tetramethylsilane was used as internal standard (0.00 ppm). The samples were prepared and stored under dry argon atmosphere. The precarbene concentration was 0.05 M, except for compounds 4 and 5 for which, because of their poor solubility, were 0.01 M. For compounds 1 and 2, 0.5 equivalent of dry mercury(II) acetate was added. For preparation of other carbene complexes, one equivalent of Hg(OAc) 2 was used. The spectra were recorded for 48h from the reagents mixing (in this time, reaction of complex formation was completed).
